1.. Introduction {#s1}
================

Many insect species are able to survive and reproduce despite feeding on what are nutritionally poor diets. For example, aphids live on plant sap which is of low nutritional quality \[[@RSOS180237C1]\], while termites live on a non-degradable cellulose diet \[[@RSOS180237C2]\]. That these organisms, and numerous other examples, are nutritionally successful is considered to be the result of diet modification by symbiotic bacteria that these insects harbour \[[@RSOS180237C3]\].

The relationship between insects and their symbiotic bacteria dates back to the most primitive insects \[[@RSOS180237C4]\] and has had major impacts on insect evolution \[[@RSOS180237C3],[@RSOS180237C5],[@RSOS180237C6]\]. Resident bacteria have been isolated from the digestive tracts of many different insects, and the important roles they play in insect nutrition were widely accepted \[[@RSOS180237C7]--[@RSOS180237C9]\]. In some cases, the symbiont and its host insect have developed a very intimate relationship, where they depend primarily on each other for nutrition \[[@RSOS180237C1]\]. In other cases, the role symbiotic bacteria play in nutrition is less apparent, except when the host insect is nutritionally stressed. For example, *Hamiltonella* sp. infested white flies grew better than uninfected flies when reared with low nitrogen diets. However, no significant differences were observed when both groups were reared on a standard diet \[[@RSOS180237C10]\].

Fruit flies of the family Tephritidae (Insecta: Diptera) have close relationships with symbiotic bacteria \[[@RSOS180237C11],[@RSOS180237C12]\], and gut bacteria form an essential part of the nutritional ecology of fruit flies \[[@RSOS180237C13],[@RSOS180237C14]\]. Commonly, gut microbial fauna synthesize amino acids which do not otherwise occur in the diet, and this can lead to increased protein synthesis and female fecundity. Such results have been reported for the olive fruit fly, *Bactrocera oleae* (Rossi) \[[@RSOS180237C13],[@RSOS180237C15]\], the apple maggot fly, *Rhagoletis pomonella* (Walsh) \[[@RSOS180237C16]\] and the Mediterranean fruit fly, *Ceratitis capitata* (Wiedemann) \[[@RSOS180237C17],[@RSOS180237C18]\].

While there are numerous papers supporting the link between bacteria and fruit fly nutrition, the field is not without ambiguity, or the need for further species-specific research. For example, Drew *et al*. \[[@RSOS180237C19]\], determined that the fecundity of Queensland fruit fly, *Bactrocera tryoni* (Froggatt), did not differ when fed a diet of bacteria, sugar and water versus a diet of brewer\'s yeast, sugar and water. This author, therefore, concluded that bacteria act as a natural food source for these fruit flies. However, Meats *et al*. \[[@RSOS180237C20]\] did not record any differential fecundity effects of bacteria feeding to *B. tryoni*. Such mixed results reinforce a point that for many fruit flies it is still unclear if bacteria act as a direct dietary source, act as modifiers of other diet, or play one or both roles but with an impact only being apparent if the host insect has, in some way, a dietary stress.

*Bactrocera minax* (Enderlein), known for breeding only on a citrus host plant, causes serious economic damage in southern/central China, Bhutan and neighbouring regions \[[@RSOS180237C21],[@RSOS180237C22]\]. In support of pest management, significant research effort is currently being applied to understanding *B. minax* biology and ecology, including its bacterial relationships \[[@RSOS180237C23]--[@RSOS180237C25]\]. A previous study \[[@RSOS180237C26]\] on the impact of isolated bacterial strains on the fitness of the *B. minax* fruit fly had complex results which varied depending on the bacterial strain and the fitness parameters measured. In general, the incorporation of *Pseudomonas dispersa*, *Klebsiella pneumonia* and *Citrobacter braakii* into full diets decreased the longevity of male and female flies and improved female fecundity. However, only *C. braakii* supplementation significantly increased the number of observed matings. Though this study informs us that bacteria can influence fitness parameters of *B. minax*, it still remains unclear if these impacts are a result of the supplemented bacteria acting as additional dietary components, whether the bacteria modify the quality of the base diet, or if it is due to an interaction of both effects. It should be noted here that members of the genera *Citrobacter* and *Klebsiella* dominate the gut microbial fauna of many tephritid species including *C. capitata* \[[@RSOS180237C27]\], the oriental fruit fly, *Bactrocera dorsalis* (Hendel) \[[@RSOS180237C28]\] and *B. minax* \[[@RSOS180237C24]\].

To determine the mechanism(s) of how variable diet and gut bacteria interact to modify fitness of *B. minax*, we carried out two types of bacterial modification (antibiotic knock-down and bacterial supplementation) with two diet types (sucrose-only and sucrose + protein (= 'full') diets) and fed to adult flies. Our recorded fitness measures were, as for \[[@RSOS180237C26]\], longevity, fecundity and mating number. We hypothesized that the presence of gut bacteria will supplement the nutrition provided by both the sugar and 'full' diets, resulting in an overall improvement in fitness; while the absence of the gut bacteria would negatively impact the fitness parameters.

2.. Material and methods {#s2}
========================

2.1.. Insects and rearing conditions {#s2a}
------------------------------------

All insects were collected from infested fruit from the Yichang district (30.69° N, 111.29° E), Hubei Province, China, and returned to laboratory at Huazhong Agricultural University, Wuhan. Third-instar larvae were allowed to pupate into sterilized soil in the laboratory, with subsequent adult emergence into sterilized mesh cages supplied with sugar and water. The laboratory conditions were as follows: temperature 27 ± 1°C, RH 70%, 12 L: 12 D. A total of 20 (10 males and 10 females) flies were held in each cage (45 × 30 × 30 cm) and each treatment was replicated three times. Replication number was restricted by the need to rear adults from naturally infested fruit, as it is not currently possible to laboratory culture this fly over multiple generations as it is univoltine with an obligate six-month diapause \[[@RSOS180237C21]\].

2.2.. Experiment 1, interaction of diet and antibiotic treatments {#s2b}
-----------------------------------------------------------------

Adult flies were used three days after emergence. Experimental flies were fed with double-distilled water-based sucrose or 'full' diets, with or without antibiotics. Flies fed with dissolved sucrose diets had no source of protein. By contrast, the 'full' diet contained sucrose, trypton and yeast extract (Beijing Shuangxuan microbial culture medium product factory, Beijing, China), which supplied flies with amino acids, minerals and carbohydrates \[[@RSOS180237C29]\]: diet details are provided in [table 1](#RSOS180237TB1){ref-type="table"}. When antibiotics (10 µg ml^−1^ ciprofloxacin and 200 µg ml^−1^ piperacillin) were added to diet, it was first diluted in sterilized, double-distilled (DD) water and then filter-sterilized. The antibiotics used in this experiment have previously been used to suppress the gut bacteria in *C. capitata* and *B. oleae* \[[@RSOS180237C17],[@RSOS180237C30]--[@RSOS180237C32]\]; however, antimicrobial susceptibility tests were carried out to confirm that bacteria strains isolated from the gut of the *B. minax* used had not developed resistance against these antibiotics (data available upon request from the senior author). After preparation, experimental diets were refrigerated at −20°C and used within one month. Diets were pipetted into Petri dishes containing a filter paper and offered and changed on a daily basis. Table 1.Composition of four experimental diets fed to *B. minax* adults (values in µg ml^−1^ of double-distilled water). The yeast extract used is from Beijing Shuangxuan microbial culture medium product factory, Beijing, China.sucrosesucrose + antibioticsfull dietfull diet + antibioticssucrose200 000200 000200 000200 000yeast extract40 00040 000trypton60 00060 000antibioticsgentamicin1010piperacillin200200

2.3.. Experiment 2, bacterial supplementation of sugar-only diets {#s2c}
-----------------------------------------------------------------

In a separate experiment, we further investigated if specific bacteria isolates could improve on the low nutritional quality of sugar diets. Newly emerged flies were fed with antibiotics and sucrose diets for 4 days, then a concentration of 10^8^ CFU ml^−1^ *Klebsiella oxytoca* and *Citrobacter freundii* previously isolated from the gut of *B. minax* were separately supplemented in the sucrose diet. Isolation and identification of these bacteria strains was carried out as reported by \[[@RSOS180237C26]\]. These sequences have been submitted to the NCBI GenBank under the reference number KF145191 and KF145194. Other than the diet, all other aspects of this trial were identical to the first.

2.4.. Population fitness assessment {#s2d}
-----------------------------------

### 2.4.1.. Longevity {#s2d1}

The number and sex of dead insects per cage were determined each day until all flies died. The value used in the analysis was the mean longevity in days for each sex and each cage.

### 2.4.2.. Mating {#s2d2}

*Bactrocera minax* mates on the host plant, with peak mating during the middle of the day \[[@RSOS180237C25],[@RSOS180237C33]\]. To mimic this, experimental cages were provided with a small potted valencia orange plant (*Citrus c*. \* *sinesis* (L)). Ten sexually matured virgin males and females were kept within a cage and the number of mating pairs was recorded from 11.00 to 18.00 each day for 15 consecutive days for each of the three replicate treatment groups. The summed number of pairs over 15 days was the replicate data used for analysis.

### 2.4.3.. Fecundity {#s2d3}

Orange fruits were placed in experimental cages as oviposition substrates. Fruits were changed every three days and the number of eggs per fruit was counted following fruit dissection. The average fecundity per female was calculated by dividing the total number of eggs collected from each cage at the end of the experiment by the average number of females present in each cage during the fecundity period.

2.5.. Statistical analysis {#s2e}
--------------------------

For experiment 1, a two-way ANOVA was performed to test the effects of diet type and antibiotics on the longevity (male and female), and copulation number. The independent variables were diet (sugar diet versus full diet) and antibiotic treatment (present versus absent). The dependent variables were mean male and female longevity per replicate and total number of matings per replicate. For fecundity, flies on the sugar-only diet, with or without antibiotics, produced no eggs, so the effect of diet was not statistically tested. The effect of antibiotic treatment on egg production of flies on the full diet (Expt 1), and bacterial supplementation in sugar diets (Expt 2) were tested using one-way ANOVA. Levene\'s test was used to assess homogeneity of all the datasets and only the effects of supplemented bacteria on male longevity required log transformations. Multiple comparisons between treatments were based on Tukey\'s post hoc tests. A *p*-value ≤ 0.05 was taken as significant. All datasets were analysed using SPSS 16.0 statistical software.

3.. Results {#s3}
===========

3.1.. Longevity {#s3a}
---------------

Diet type, antibiotic treatment and their interaction had no significant effect on the mean longevity of male or female *B. minax* ([figure 1](#RSOS180237F1){ref-type="fig"}, [table 2](#RSOS180237TB2){ref-type="table"}). Similarly, bacterial supplementation of a sucrose-only diet did not have any effect on the longevity of male and female flies ([table 3](#RSOS180237TB3){ref-type="table"}, *F*~2,6~ = 1.648, *p* = 0.269 and *F*~2,6~ = 3.162, *p* = 0.115, respectively). Figure 1.The effects of diet type and antibiotic treatment (10 µg ml^−1^ ciprofloxacin and 200 µg ml^−1^ piperacillin) on the mean (s.d.) longevity in days of male (*a*) and female (*b*) *Bactrocera minax*. Unshaded bars are diets with no antibiotics added; shaded bars are diets with antibiotics added. Columns with the same letters are not significantly different after comparison with Tukey\'s test at *p* ≤ 0.05. Table 2.Effects of diet type, antibiotic treatment and their interaction on the longevity of *B. minax*. Separate two-way ANOVAs were run for males and females.male longevityfemale longevitysource of variation*F*~1,\ 8~*p*-value*F*~1,8~*p*-valuediet0.910.772.370.16antibiotic treatment4.220.0743.510.10diet × antibiotic treatment1.130.320.100.76 Table 3.The effect of diet supplementation with bacteria and antibiotics (10 µg ml^−1^ ciprofloxacin and 200 µg ml^−1^ piperacillin) on different fitness parameters of *B. minax*. SA, sucrose + antibiotics; SAKO, SA + *K. oxytoca*; SACF, SA + *C. freundii*. Rows with the same letters are not significantly different at *p* ≤ 0.05.treatmentsSASAKOSACFmale longevity49.643 ± 0.41^a^40.767 ± 0.41^a^44.167 ± 0.41^a^female longevity55.27 ± 3.61^a^48.43 ± 3.61^a^61.28 ± 3.61^a^copulation0.67 ± 0.58^a^2.67 ± 0.58^a^1.67 ± 0.58^a^fecundity000

3.2.. Number of matings {#s3b}
-----------------------

Flies fed sucrose diet achieved significantly fewer copulations than flies fed full diets (*F*~1,8~ = 158.42, *p* \< 0.001). Similarly, flies fed with antibiotics achieved significantly fewer copulations than flies without antibiotic treatment (*F*~1,8~ = 64.980, *p* \< 0.001) ([figure 2](#RSOS180237F2){ref-type="fig"}). There was a significant interaction between diet and antibiotics (significant *F*~1,8~ = 168.75, *p* \< 0.001). The number of copulations achieved by flies on full diets with antibiotics was significantly lower than the number of copulations achieved by flies on full diets without antibiotics. For the sucrose diet, addition of antibiotics to the diet did not significantly reduce (the already low) number of matings ([figure 2](#RSOS180237F2){ref-type="fig"}). Bacterial supplementation to sucrose diets did not significantly alter the number of matings from the sucrose-only diets ([table 3](#RSOS180237TB3){ref-type="table"}, *F*~2.6~ = 4.11, *p* = 0.125). Figure 2.Effect of diet quality and antibiotics (10 µg ml^−1^ ciprofloxacin and 200 µg ml^−1^ piperacillin) on the mean (±s.d.) number of *B. minax* copulations. Unshaded bars are diets with no antibiotics added, shaded bars are diets with antibiotics added. Columns with the same letters are not significantly different after comparison with Tukey\'s test at *p* ≤ 0.05.

3.3.. Female fecundity {#s3c}
----------------------

Diet type dramatically impacted egg production, with flies that fed on a sucrose-only diet, with or without antibiotics, laying no eggs. Similarly, females with bacterial supplementation to sucrose diets did not produce any eggs ([table 3](#RSOS180237TB3){ref-type="table"}). For flies on the full diet, antibiotic treatment significantly reduced the number of eggs laid (*F*~1,4~ = 182.38, *p* \< 0.0001) ([figure 3](#RSOS180237F3){ref-type="fig"}). Figure 3.Effect of diet quality and antibiotic treatment on mean (±s.d.) number of eggs laid by *B. minax*. Unshaded bars are diets with no antibiotics added, shaded bars are diets with antibiotics added. Columns with the same letters are not significantly different after comparison Tukey\'s test at *p* ≤ 0.05.

4.. Discussion {#s4}
==============

4.1.. Summary {#s4a}
-------------

Although quantification of bacterial knock-down was not directly estimated after antibiotic treatment, its effect on fitness was seen in the results. The removal of gut bacteria through antibiotic treatment had no effects on the longevity of male and female *B. minax* ([figure 1](#RSOS180237F1){ref-type="fig"}, [table 2](#RSOS180237TB2){ref-type="table"}), but did reduce mating success and egg number. The effects of antibiotic treatments were only significant in the full diets, as the sucrose-only diet was apparently so poor that few matings were observed and no eggs at all were laid ([figure 2](#RSOS180237F2){ref-type="fig"}), even after bacterial supplementation ([table 3](#RSOS180237TB3){ref-type="table"}). Combined, these results strongly infer that bacteria alone are not an adequate source of nitrogen for *B. minax*, but the bacteria do mediate and improve the quality of diet when at least some alternative protein source is available.

4.2.. Comparison of bacteria effects on fitness of *B. minax* versus studies in other tephritids {#s4b}
------------------------------------------------------------------------------------------------

The gut of the *B. minax* fly is inhabited by a wide range of symbiotic bacteria \[[@RSOS180237C24]\] (herein referred to as resident bacteria) which enhanced fecundity and copulation rates of flies fed with full diets (data herein and \[[@RSOS180237C26]\]). Limited but similar results have been reported in other tephritids. In *B. oleae*, symbiotic bacteria have been reported to improve on the fecundity of flies fed with sucrose and non-essential amino acids \[[@RSOS180237C17]\] or bird droppings \[[@RSOS180237C13]\]. Similarly, Ben-Yosef *et al*. \[[@RSOS180237C30]\] reported that in the presence of resident bacteria, *C. capitata* fed with full diets had a reduced latency to mate.

While bacterial presence may improve dietary outcomes when amino acids/proteins are part of diet, this does not appear to be the case for carbohydrate diets only. The presence of resident bacteria did not improve any of the measured fitness parameters in sugar-only fed *B. minax* flies. Studies with *B. oleae* \[[@RSOS180237C13],[@RSOS180237C17]\] and *C. capitata* have reported similar findings \[[@RSOS180237C30],[@RSOS180237C31]\]. However, after antibiotics depletion of resident bacteria in *C. capitata*, flies that were fed with sugar diets laid eggs faster than those fed on full diets \[[@RSOS180237C30]\] and increased male longevity \[[@RSOS180237C31]\]. In *Drosophila*, axenic conditions do not lead to a significant increase in lifespan \[[@RSOS180237C34]\], while in the nematode *Caenorhabditis elegans* axenic conditions significantly increased lifespan \[[@RSOS180237C35]\]. From such studies, it is clear that the impact of resident bacteria on host fitness varies depending on the species.

When bacteria were supplemented in the diet of *B. tryoni*, no improvement on fitness was observed \[[@RSOS180237C20]\], a result identical to those was obtained for *B. minax*. However, in *C. capitata*, supplementations with *Pseudomonas* sp. resulted in a decrease in longevity \[[@RSOS180237C36]\] and supplementation with Enterobacteriacea resulted in an increase in mating competiveness \[[@RSOS180237C37]\] and longevity \[[@RSOS180237C36]\]. Similarly, when *C. braaki* and *K. pneumonia* were supplemented in full diet of *B. minax*, there was an increase in mating and fecundity \[[@RSOS180237C26]\]. The conflict between these studies again reinforces the likely unique nature of the bacterial/fruit fly interaction, which appears to vary depending on bacterial species, fly species, other dietary components and the fitness parameter being measured.

4.3.. Bacteria effects as modified by protein-rich versus protein-poor diets {#s4c}
----------------------------------------------------------------------------

In many tephritid species, a protein diet is necessary for sexual maturation and oogenesis of the female fly \[[@RSOS180237C38],[@RSOS180237C39]\]. In the absence of a protein diet, *B. minax* were not able to produce eggs, even when their diets were supplemented with bacteria ([figure 3](#RSOS180237F3){ref-type="fig"}). However, when protein was present along with bacteria, there were positive fitness outcomes. Two hypotheses have been postulated to explain how diet and bacteria may work together. The first hypothesis that fruit fly can acquire protein and other nutrients by cultivating and digesting their gut bacteria \[[@RSOS180237C40],[@RSOS180237C41]\], and the presence of additional protein enhances bacterial cultivation. With respect to this, it should be noted that the yeast extract and trypton used in our experiment supports bacterial growth in the laboratory. The second hypothesis proposes that fruit fly gut bacteria use amino acids already present in the diet as building blocks for essential amino acids, which are then used by the fly in their free form or integrated into bacterial protein after their secretion into the gut \[[@RSOS180237C13],[@RSOS180237C17]\]. Because the presence of bacteria in a sucrose-only diet still did not allow the production of eggs by *B. minax*, we can infer that bacteria are not used directly by the fly as protein source, and so discount the first hypothesis. This leaves hypothesis 2 as the most parsimonious explanation: gut bacteria in *B. minax* alter the quality (i.e. type) of amino acid in the fly\'s diet and this accounts for the significant interaction between bacteria and diet quality.
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